Abstract-Reconstructed images produced using Electrical Impedance Tomography (EIT) are notorious for their poor spatial resolution. This is largely due to the ill-posed nature of the ElT problem. Much effort has been made in order to improve on spatial resolution of reconstructed images. One of the more direct approaches is by improving the amount of information obtainable. With the development and transition from 2D to 3D tomography, more measurements can be obtained to better inform the inversion problem through expanding the number of electrodes or through measurement strategies. This paper delves into the latter method, providing a comparison study using sensitivity analysis, stability of measurement analysis and spatial resolution analysis, with the aim of providing a better understanding of the influence of varying different parameters on the quality of reconstructed images, before more unconventional methods of increasing information through unconventional measurement strategies are devised.
I. INTRODUCTION
Electrical Impedance Tomography (EIT) has been widely applied in industrial applications for process imaging for monitoring and control purposes. Its many advantages include ease of application, relatively fast data acquisition time and cost effective. Conventional EIT systems are non intrusive and non-invasive, whereby the electrodes are confined to the wall of the phantom. While this does not intrude the on-going process that is monitored, it also inevitably limits where measurements can be acquired.
One of the biggest disadvantages of EIT is the quality of the reconstructed images. Tomograms produced using EIT are notorious for having low spatial resolution, especially towards the central region of the image. This is due to the ill-posed nature of the EIT problem. Another contributing factor is due to the restrictiveness of the position of the electrodes.
Much effort has been made to improve the spatial resolution of reconstructed Images through 978-1-4799-0269-9/13/$31.00 ©2013 IEEE 5 increasing the stability of measurements. One of the most commonly used methods is to increase the number of measurements through increasing the number of electrodes or by manipulating the measurement strategy. [1] shows that the obtainable improvement in spatial resolution is ultimately restricted by sensitivity (detectability of changes) and uniqueness of measurements.
This paper consists of six (6) sections. Section II describes the considerations made for the work presented in this paper. Sections III and IV provide the background for the work presented, in terms of modelling and the measurement strategies used. Section V details the results of the comparative studies through sensitivity analysis, stability and uniqueness of measurements and spatial resolution analysis. Conclusion is provided in section VI.
II. OBTAINING MORE INFORMATION THROUGH MEASUREMENT STRATEGIES
When planning a measurement strategy, there are several factors that need to be taken into consideration, including measurement stability, number of unique measurements, current injection pattern that can produce sufficient sensitivity across the volume, overall spatial resolution and overall data acquisition time. Spatial resolution is strongly influenced by sensitivity and overall amount of information available for inverse solving.
It has been established that some measurements are likely to be redundant and does not contain unique information for inverse solving, for measurement strategies that include all possible measurements obtainable using a four-terminal measurement strategy. These strategies will also result in longer data acquisition time, compromising temporal resolution.
The most commonly used strategy is the adjacent current injection strategy. Depending on the requirement and set-up of applications, other strategies may be preferable. Most industrial process applications adopt the planar electrode arrangement for ease of modeling and computation, as shown in Fig. 1 . An electrode arrangement is considered planar even though it is arranged in multiple planes if the electrode planes are treated independently when developing a measurement strategy. There has not been a significant volume of research done on multi-planar strategies to date. Some exceptions include [2] , who reported that resolution between planes improved when current injection and voltage measurement are taken between horizontally and vertically adjacent electrodes, and [3] applied cross-planar current drives for 3D imaging. [4] claimed that there were negligible differences between a reconstruction using a planar and a non-planar adjacent measurement strategy. However, the same paper also suggested that there are observable improvements to image quality when current is injected between different planes.
III. MODELLING
The data presented in this paper are simulated based on a cylindrical vessel that has 32 wall mounted electrodes, equally-spaced in two planes (2 x 16) as shown in Fig. 1 . The model is 34cm in diameter and 30 cm in height. The centre of the first plane of electrodes is 10cm from the base of the vessel and the height between centres of electrode planes is 10cm. The 32 electrodes occupy 15% of the surface area of the model.
Simulations were done using the Electrical Impedance Tomography and Diffuse Optical Tomography Reconstruction Software (EIDORS) [5] , hosted by MATLAB. The model is a geometrically accurate Finite Element Method (FEM) model generated using N etgen [6] , consisting of more than 12,000 elements. The same model is used for both single-plane and multi-plane simulations.
978-1-4799-0269-9/13/$31.00 ©2013 IEEE Conventionally, measurement strategies in EIT are all four-terminal measurement protocols [7] . Each current pattern is injected between a pair of electrodes. The most well-established are either adjacent [7] or opposite [8] pairs. All possible horizontally adjacent combinations of electrodes are used to measure differential voltage measurements, with the exception of the current injecting electrodes. All electrodes are used as both current injecting electrodes and measurement electrodes. The functions of the electrodes are interchangeable without any altercation to the measured information.
By definition, L number of electrodes will produce L(L-3) measurements for the adjacent current drive strategy. Meanwhile, the opposite strategy will produce L(L-4) measurements.
However, there is the issue where not all measurements are unique. The reciprocity principle is applied to discard redundant measurements; if two pairs of adjacent electrodes used for a particular measurement are interchangeable, the measurements are deemed redundant.
In this paper, strategies with and without the application of reciprocity principle are considered. The benefits of 3D imagine of single-plane verses multi-planar electrode strategies are described in this paper. Both the adjacent and opposite current injection strategies are considered. For multi-planar current injection strategies, horizontally adjacent, vertically adjacent and all possible adjacent combination measurement strategies are compared.
All results are simulated using the model as shown in Fig. 1 . A summary of the current driving and voltage measurement strategies is given in Table I . Comparative studies are conducted and presented using three tools, namely spectral analysis for measurement stability, sensitivity analysis and spatial resolution analysis.
A. Spectral Analysis
In EIT, the spectral form is the transformation of the sensitivity matrix (tomographic operator) and the regularisation matrix into a diagonalised form. The image consists of multiple components with varying levels of detail or spatial frequency. The most commonly used numerical technique for spectral analysis m EIT IS Singular Value Decomposition (SVD) [9] . Each spectral component within the image is affected by system noise on various degrees; each of the components allows the impact of system noise to influence the image or content to be assessed. As such, SVD is often used to compare system noise and stability of measurements. Fig. 2 shows a typical example of a set of singular values calculated by applying the adjacent strategy to the HaHa strategy for a 2x16 electrodes model. From Fig. 2 , it is shown that after the 433 th singular value, the magnitudes of the rest of the singular values are effectively zero to machine 978-1-4799-0269-9/13/$31.00 ©2013 IEEE The stability of the measurements can be assessed using the Discrete Picard Condition (DPC) [9] [10]. The measurement is said to be stable if the absolute Fourier coefficients (FCs) decay faster to zero, on average, than the corresponding singular values. [9] suggests a more robust definition based on a moving geometrical mean in place of regular averaging.
Therefore, the DPC is an essential tool when evaluating the noise level on measurements and informs of modelling errors.
In practice, measurements contain noise and if a singular component relies on information which has added noise, the information may be unstable and unrecoverable. Fig. 3 shows an example of the application of DPC to evaluate the amount of measurements that is usable for inverse solving for the HaPRecip strategy with 60dB Gaussian noise added to the simulated data. The signal-to-noise (SNR) level is in line with the Low-Cost Tomography 2 instrument [11]. Table II shows a summary of unique and stable measurements for various multi-planar strategies. From Table II , it is shown that multi-planar measurements provide additional unique measurements in comparison with single-plane measurement strategies. The lower the percentage of obtainable unique measurements, the less efficient and optimized the strategy. This ultimately has an impact on temporal resolution, a limiting factor for dynamic applications. When noise is imposed onto the measurements, the number of stable measurements further decreases the number of usable information for inverse solving. Sensitivity analysis provides a direct indication of the potential success of a reconstruction algorithm. A detectable sensitivity is the mImmum requirement for a successful reconstruction. If a feature if not detectable, it is impossible for any reconstruction algorithm to visualise it. For a discretised model consisting of a finite number of elements, each element has a sensitivity value for any particular measurement. In this paper, the 978-1-4799-0269-9/13/$31.00 ©2013 IEEE 8 maximum sensitivity of each voxel from a full set of measurement is computed and compared. Fig. 4 compares the maximum sensitivity magnitude for elements at the height of 0.1 Om from base of vessel for the HaPRecip and OPRecip strategies. It can be seen that the opposite current injection strategy produces higher sensitivity levels in comparison with the adjacent strategy near the centre of the imaged space, as current pattern penetrates across the space for the opposite strategy, while the highest current distribution tends to be highest towards the wall of the vessel when using the adjacent strategy. Although sensItIvIty is predominantly influenced by current injection strategy, the benefit of a full-3D current injection strategy (HVaHa) is negligible. Fig. 6 compares the maximum sensItIvIty magnitude for on-and off-electrode plane for the HaHa, VaHa and HVaHa strategies. The results show that there is noticeable improvement of maximum level of sensitivity on the off-electrode planes towards the top and bottom of the vessel with the HVaHa strategy providing the best sensitivity levels out of the three adjacent current injection strategies compared.
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C. Spatial Resolution Analysis
Spatial resolution analysis makes use of the resolution matrix which contains information about the correlation between elements in a discretised model. The technique used in this paper is based on the technique that was first proposed by [12] , which was adapted from the work by [13] .
In spatial resolution analysis, the Full-Width Half-Maximum (FWHM) technique [14] is used. FWHM is the measure of the distance between two points in an image that share the same solution value that is half the peak value. The lower the percentage of FWHM, the better the spatial resolution. gJ 0.15 Fig. 7 is not as anticipated, considering the significant difference in sensitivity level as shown in Fig. 4 . It is worth noting that both strategies considered produce similar amount of usable information for reconstruction. This is likely to be the reason why the spatial resolutions are evenly matched across the plane for both strategies, as spatial resolution is largely influenced by the amount of usable content available for reconstruction. Fig. 8 compares the single and multi-plane measurement strategies for adjacent current driving strategies. The results indicate that there is negligible difference in spatial resolution across the plane. Arguably, the HVaHa strategy produces an overall better FWHM across the plane. Fig. 9 illustrates the benefit of multi-plane measurement strategy. The difference is especially prominent for the off-plane region between the two electrode planes. This may be due to the abundance of information acquired through the full-3D measurements. Interestingly, the spatial resolution is not necessarily the best within the electrode regIOns.
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VI. CONCLUSION
The results presented in this paper indicates that while measurement strategies are capable of increasing the number of measurements from a fixed set of electrodes configuration, the extra measurements acquired may not be unique, and therefore the strategy is deemed not optimised.
Comparing the adjacent and opposite current drive strategies, while the sensitivity analysis clearly indicates that the opposite current injection strategy produces superior level of maximum sensitivity, the spatial resolution analysis shows that there is negligible improvement and therefore the quality of the reconstructed images would bear insignificant improvement.
Comparing single and multi-plane measurement strategies, the results indicate that there are visible benefits in acquiring multi-plane measurements, although the difference is not prominent.
The results indicate that that the sensitivity (detectability) is predominantly influenced by the 978-1-4799-0269-9/13/$31.00 ©2013 IEEE 10 current injection strategy, while spatial resolution (visibility or reconstructability) is largely influenced by the measurement strategy and the resultant number of measurements available for image reconstruction.
The results in this paper hint that the location of electrodes plays an important role in improving spatial resolution of reconstructed images. Logically, sensitivity and spatial resolution are better for elements within close proximity of the electrodes. The results also indicate that beyond a point, the increase of information through this method reaches saturation. This means no further improvement can be achieved.
